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Abstract
Recombination coefficients of electrons with ions of the hydrated
hydronium ion series EUO+«(H20)n, where n = 0, 1, 2, 3, k, 5, 6, have been
determined with a microwave afterglow/mass spectrometer apparatus. Afterglow
measurements of electron density decays in helium-water vapor mixtures are
correlated with the decay of mass-identified ion currents to the wall of the
microwave cavity. By varying the temperature of the gas and the partial
pressure of the water vapor in the mixture, different groups of hydronium
series ions are made to dominate the afterglow. The measured recombination
coefficients, in units of 10 cnr/sec,
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The implications of these results concerning ionization levels in the D region
of the ionosphere are discussed.
I. Introduction
Direct mass spectrometric determinations of the ion composition in
the earth's upper atmosphere by Narcisi ^ ' and coworkers have shown that
the dominant ion species in the lower D region are the hydronium ion and
its hydrates, HoO+0(H20)n, with n ranging from zero to three. The most
abundant ion seems to be the first hydrate, i.e. 37+• More recently,
evidence for the presence of higher hydrates (n = h, 5) in significant
concentrations has been obtained from a rocket measurement by Johannessen
(2)
and Krankowskyv '„
Reaction sequences leading to hydrated hydronium ions have been
suggested by Ferguson et al.^ ' and Good et al.* ', and many of the relevant
ion-molecule rate constants have been determined in the laboratory^ '?>,
However, attempts to combine laboratory measurements and ionospheric
observations in order to obtain a consistent description of the D region
electron and ion height distributions have not been entirely successful so
far. For example, an extremely high value for the electron-ion recombination
(&}
coefficient of hydrated hydronium ions was required in one model^ ' to
obtain agreement with observations.
Since further reactions sucli as charge transfer between the hydrated
hydronium ions and the ambient neutrals are not energetically possible,
electron-ion recombination is expected to be the principal mechanism for
removal of these ions. Consequently, to provide a more accurate assessment
of the effect of the presence of these ions on D region electron and ion
concentrations, we have undertaken a series of laboratory measurements to
determine the electron-ion recombination coefficients of the hydronium
series ions 19+, 37+, 55+, 73+, 91+, 109"% and 12?+o
II. Apparatus and Measuring Techniques
The microwave-afterglow/mass spectrometer apparatus used in the
present studies has been described in detail previously^'5 ' and will be
discussed only briefly here. Figure 1 is a simplified diagram of our
experimental apparatus. Water vapor and ultrahigh purity helium acting
as a buffer gas are admitted to the copper microwave cavity by means of
an ultrahigh vacuum gas handling system. The distilled water is contained
in a small pyrex glass bulb, and dissolved gases are removed prior to use
by prolonged evacuation by a separate pumping system. A plasma containing
hydronium ions and electrons is generated by means of a microwave pulse
lasting kO p,sec from a high power magnetron with a repetition rate of
10 sec"1.
The principal steps leading to formation of hydronium series ions
in the plasma afterglow are evidently; metastable atom formation by electron
impact on the helium buffer gas, followed by Penning ionization of water
vapor by the reaction
s
HeM + H0 -* He + HO"*" + e , (l)2
fa)
followed by the fast two body ion-molecule reaction ^ '
H20+ + HgO -• H30+ + OH (2)
The hydrated ions are then formed by a sequence of three-body collisions
of the type
< He
 '
A fraction of the ions which diffuse to the cavity wall and effuse
through a small sampling orifice enter a differentially pumped quadrupole
mass spectrometer where they are mass-identified. The ion counts at each
afterglow time interval are coherently summed over many cycles by means of
a multichannel analyzer operating in a multi-scaling mode. In this manner,
the decays of the various positive ion wall currents are determined during
the afterglow.
The principal measurement from which recombination coefficients are
determined in these studi.es is that of the electron density as a function
of afterglow time. The presence of free electrons within a microwave cavity
changes its angular resonant frequency, u>, from the empty value, u)o. The
frequency shifts, &u(t), are used to calculate the "microwave-averaged"
electron density, a|iw(t), defined by
g
where neCr,t) is the electron density, Ep(?) is the microwave probing
electric field, C is a coefficient involving a group of physical constants
and veff is the effective electron-helium collision frequency' . For
electron energies less than 0.2 eV, the electron-helium momentum transfer
cross section is independent of energy; in this case veff is given by
veff = | ^ c »
where v represents the collision frequency averaged over the electron velocity
C
distribution. The use of helium buffer at pressures approaching kO Torr
necessitates a ~ 1O25$ correction of the electron densities determined
from the frequency shifts compared to the low pressure case (veff « «))«
In the present experiment the TE^ ^ electron heating mode shown
in Fig. 1 has not been used.
III. Method of Data Analysis
During the afterglow, when the electrons and ions reach stationary
energy distributions (e.g. Te = T. = T_ag), the variation of electron
concentration is governed by the general continuity equation
Sne/9t = X P - £ L - 7«F , (6)j d & i
where the P. represent rates of electron production by various processes
and may often be taken as zero during the afterglow., the L* represent
volume loss rates of electrons such as by recombination with positive
ions and attachment to neutral, molecules. The electron particle current
~i
density r_ results from ainbipolar diffusion of the electrons in response
"
to electron and ion concentration gradients in the plasma-afterglow.
If all ot&er processes during the afterglow are negligible compared
to recombination of electrons with various species of ions of concentrations
n.^  and recombination coefficients o^ , the continuity equation may be
approximated by
ane/at ~ - ne S or
m
In the simplest case, i.e. an afterglow containing but a single species of
positive ion, charge neutrality requires that ne **• n^  and the solution of
eq. (U) is the well°knowa "recombination decay",
l/ne(t) = l/ne(0) + at . (8)
In this case the recombination coefficient a is determined directly from
the slope of a l/n^ (t) vs. t curve.
In the hydronium ion studies it is very difficult to achieve
conditions where a single ion species dominates throughout the afterglow;
in most cases at least two species of ions are present in significant
numbers. For this reason we have had to adopt several different methods
of data analysis for the various regimes of the experiments. Bnpiricaliy,
two important cases are found which involve the presence of two ion species;
Case (l) . Hie two species decay at different rates . The
concentration of one species n-^  is significantly greater than
that of the second species rig, which decays approximately
exponentially with a time constant Tg» starting from an initial
value riCo)., Equation (7) then becomes
<*2 n2(o) exp[ -t/T2]Jne . (9)
Again we invoke charge neutrality, n ~ n^ * rig, and find for the
solution of eq. (9)
l/ne(t) - [l/g(t)3 [l/ne(o) + «! J^  g(t) dt] , (10)
g(t) = exp[n2(o) ((*! - a2) T2 (l - exp[ - t/Ta])] . (11)
where
A fit of eq. , (10 ) to the measured electron density decay, using
of-^  as the parameter to be determined, can be obtained provided
that one has information concerning the value of ofg f^ o^m other
measurements .
Case (2). One of the hydronium series ions and the next higher
hydrate decay in apparent chemical equilibrium, maintaining a
constant concentration ratio, R 1 ng/n, , through reactions of
the form of eq. (3). In this case the solution of eq. (?) is
of a "recombination decay" form, eq. (8), with a replaced by
an effective recombination coefficient defined by
aeff i
Since R can be varied by changing the water vapor concentration,
determinations of oreff from the electron density decay curves as
a function of R can be used to evaluate a^ and a2 (the intercept
at R = 0 is or-j^  the limiting value for large R is a2)«
The solutions for the electron decay obtained so far refer to the
density at a point in space, while the microwaves measure ivw(t), a spatial
average of the electron density over the afterglow volume. It has been
shown' ' ' that solutions similar in form to eq. (8) are obtained for
the spatially averaged case, i.e.
Yv(t) = Vv(o) + 8at > (13)
where S is a correction factor needed to obtain at from the slope of the
II n^ w(t) vs t curves. This correction factor accounts for the effect of
ambipolar diffusion on the spatial distribution of the electrons in the
plasma afterglow and was obtained' ' ' by computer solution of the
continuity equation for electrons and a single ion species,
ane(r,t)at =-er ng2(r,t) + D& V2 ng(r,t) , (HO
where Dft is the ambipolar diffusion coefficient. We have applied the
correction factors derived for this single=ion ease to the more complicated
two-ion cases just discussed. We use the average of the (nearly equal)
ambipolar diffusion coefficients for neighboring ions of the hydronium
series and the effective recombination coefficient to determine the
3 correction (-^ * -^ '. Fortunately, in our microwave cavity, whose funda-
mental diffusion length A is 1.3 cm, the corrections are small, amounting
to approximately 10$.
IV. Results
The concentrations of the various hydrates of the hydronium ions
are a sensitive function of gas temperature and, to a lesser extent, of the
vapor concentration. Only at high temperatures were we able to study
the unclustered ion H_0+ (l9+)> while it required dry ice temperatures
(~ 200 °K) to obtain substantial concentrations of the higher hydrates such
as 109+. Thus, we have used the gas temperature as a means of controlling
the ion species under investigation rather than of determining the tempera-
ture dependence of the recombination coefficient of a particular ion.
A. 5^ 0° K data
By heating the cavity to a temperature of 5^ -0 °K and using a rather
low water vapor pressure of 9 x 10' Torr, the unclustered ion, 19+, was
made dominant , As may be seen in Fig. 2b, the ion wall current for 37+
is less than that for 19+ for times less than ~ 20 msec in the afterglow.
A "recombination decay", i.e. a linear increase in I/ rr with afterglow
time is observed over a factor of 12 in electron density. At later times
the curve turns upward due to the increasing ratio of 37+ to 19+ and the
increasing importance of ambipolar diffusion loss of electrons. The
slope of the straight line in Fig. 2 (a) yields an apparent recombination
coefficient ot& = 1.2 x 10°"° csi^ /sec,
These data fit the Case (l) category described in the previous
section; therefore we have used eq. (10 ), together with the measured 37* '
wall current exponential decay and the value a (37 ) = 2.0 x 10°° em^ /sec
(see below and Sec. IV B) to fit the observed electron density decay for
8afterglow times > 2 msec, treating the recombination coefficient «(19+)
as a parameter. (We have assumed that the mass spectrometer ion currents
are proportional to the ion concentrations in the afterglow and have used
the measured 37+/19 ion current ratio at 3 msec together with the charge
neutrality condition, ne "» n^  + n^  to find^CO) for ®(jo(ll).) The best
fit to the measurement yields the value a(l9+) = 1.0 x 10 cm/sec.
We have been unable to study the ion 19+ in the absence of all
_5
other ions, since a reduction in 1^0 vapor concentration below ~ 9 x 10
Torr to eliminate 37+ leads to the appearance of He and He2 (from the
buffer gas) and HO* from the initial Penning ionization step, as well
as OH+ and impurity ions.
As the HpO vapor pressure is increased, first the ion 37 begins
to dominate the afterglow (at ~ 5 x 10"3 Torr), then 55 dominates
(at ~ 0.5 Torr)0 Using the analysis based on eq. (10), values for these
ions of <y(37+) = 2.0 x 10~6 cm3/ sec and a (5 5"*") = U.O x 10~6 cm3/ see are
obtained from curve fitting of the electron density decay data at 5^ 0 °K.
B. Ul5°K data
At a gas temperature of ifl5°K and 1^0 vapor pressure of
~ 5 x 10"3 Torr, the ions 55* and 37"*" are observed to decay together,
maintaining a constant concentration ratio throughout most of the after-
glow (see Fig. 3(b) ). Further, the electrons and ions decay together,
as indicated by the dashed lines on the ion curves which are renormalized
electron density values. These data fit Case (2) of the previous section
and have been analyzed in terms of an effective a, eq<, (12)., The corrected
slope in Fig. 3 (a) yields a value oteff = 3«9 x 10"° cm3/sec from a curve
which is linear over an electron density range of ~ 50.
9Values of QfAff were obtained as a function of R s [55+]/[37+] for
the range 0.1 £ R :£ 7 by varying the water vapor pressure from 2.3 x 10°^
=2to 1.7 x 10 Torr» At the highest water concentrations the effect of the
ion 73+ became noticeable, necessitating a correction to the data by an
extension of the aeff analysis. The observed <*efj> values are shown by
the crosses in Fig. k, !Hie solid curve represents the variation of oreff
with R predicted by eq. (12) when the effect of the 73+ ion is included,
while the dashed curve represents the curve when only the ions 55+ and
37* are considered. The values which give this degree of fit are
a (37*) = 2.2 x 1,0 em^ /see and a(55+) = 4.2 x 10 car/sec. (The value
a(73+) = ^ °9 cmVsecp obtained in See. IV Cp was also used.)
C. 300 CK data
As in the preceding subsection,, ion decays in apparent chemical
equilibrium were noted for the ions 73* and 55+, with other ions present
in small amounts. Values of oteff as a function of E = [73T/C55 3 were
obtained over the range 0.8 ^  .R is 16 by varying the water vapor pressure
from 5 x 10°^  Torr to 2 x 10°^  Torr. From a curve similar in form to that
of Fig. k, the values a(55+) = *t-.G x 10"6 em3/sec and a(73+) = ^ .9 x 10=6
cm3/sec were deduced at 300°K.
D. 20^  °K data
The abundance of the higher hydrates increased dramatically
when the gas temperature was lowered to 205 °K by surro\inding the microwave
cavity with dry ice. However, in these low tessperature studies it was no
longer possible to find conditions where only two ions species were present
in significant amounts. An example of the relative concentrations of 73+
through 1^ 5 is shown in the inset of Fig. 5» Siese ions all decayed
together during the afterglow in apparent equilibrium, suggesting that
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the electron density should follow a "recombination decay" controlled by
a more general effective recombination coefficient,
where R?1 = n /n,, etc.
As will be seen from the I/ il^ ys t measurements in Fig. 5, the
"recombination decay" is obeyed over a range of ~ kQ in electron density,
leading to a value aeff = 8.1 x 10=° cm^ /sec from the corrected slope of
the curve. Measurements of aeff were made for many different concentrations
of 1^ 0 vapor to vary the ratios of the several ions. From an analysis of
these data the following estimates were obtained, o?(91+) = 6.0 x 10" ,
a(!09+) = 7.5 x 10~6, Q?(127+) ^  10 x 1Q~6 cm3/sec at 205°K.
V. Discussion and Conclusions
The results of the measurements are summarised in Table I, which
includes our estimate of the random and the systematic errors encountered
in the various cases. Inasmuch as we were unable to study a single ion
species at a time, uncertainties in the relative concentrations of the
ions can lead to uncertainties in the deduced at values. We have used the
ion counting rates as measured by the quadrupole mass spectrometer to
provide relative values of the ion concentrations in the afterglow. This
means that we have neglected effects due to the slightly different ambipolar
diffusion coefficients of the various ions and have also neglected possible
differences in the overall transmission of the quadrupole mass spectrometer
and in the secondary electron emission characteristics of the channeltron
electron multiplier. We justify this neglect empirically by the observation
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I. Electron-ion recombination coefficients for hydrated hydronium
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that the measured oteff vs R curves such as is shown in Fig. k follow the
theoretical form without adjustment of the measured ion wall current ratios <>
The recombination coefficients determined from the aeff analysis
for two ion species (Case 2) are probably least affected by possible errors
in the concentrations of the ions, since o?i may be determined from an
extrapolation of the oteff values to R = 0 and a^ determined at large values
of R, neither of which requires accurate absolute values of R» In the
case of the independently decaying ions (Case l) and in the multiple ion
species cteff analysis, larger uncertainties are assigned to the deduced
values because of the interdependence of the value deduced for one ion
on that deduced for another. Uncertainties in the diffusion corrections
to the recombination curves^ ' ' resulting from imperfect knowledge of
the initial spatial distribution of the electrons in the cavity may lead
to a ~ = 5$ error in the recombination coefficient determination in a
typical case. All other sources of error, such as uncertainties in the
electron densities due to collision frequency corrections of the frequency
shift data, are small ^ Ifo).
The simple ion H^ O"1" exhibits a rather large coefficient at 5^ 0°K,
a(19*) = (1.0 ± 0.2) x 10°° emS/seco Using the T"1'2 temperature dependence
predicted theoretically for simple ions at temperatures where the molecular
ions are principally in their ground vibration state, a value at room
temperature (300°K) of ~ 1.3 x 10"° cm^ /sec and at D-region temperatures
(~ 200°K) of ~ 1.6 x 10"° enr/sec is to be expected. Our measured value
at 5^ 0°K may be compared with the result at 2100°K of Green and Sugden^ ',
who determined a value of 2 x 10°' car/sec from mass=identified ion current
decays from a hydrogen°oxygen-acetylene flame. It may also be compared
with the results of Wilson and Evans' ', who used microwaves to measure
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the electron density decays behind shock fronts in argon containing
amounts of oxygen and a hydrocarbon such as acetylene o They found that
o
the recombination coefficient varied approximately as T over the range
2400 °K s T s 5600% with a value a = 1.5 x 10~7 cm3/see at 3000 °Ko Al-
though no mass analysis was used, the principal ion in these studies was
expected to be HoO „ To compare these values with our results at 5^ 0CK,
a temperature variation as T / for low temperatures (less than ~ 1000 °K)
=•2going over to the high temperature T variation ought to be usedo In
this case the flame and shock front results are compatible with our 5^ 0 °K
value o
Although the recombination coefficient for the simple ion H_0
appears to exhibit a substantial tearoerature variation of the type
expected for dissociative recombination; the recombination coefficient
of the clustered ion HoG4"0 (l^ O^  exhibits no detectable variation with
temperature within the * 15% measurement uncertainty over the range
300 °K s T £ 5^ 0 °K (see Table l)0 This weaker temperature dependence
suggests that a modified form of dissociative recombination may apply to
these complex clustered ions. The very large recombination coefficient.,
a(55+) = ^  x 10°° cm^ /see, may result from excitation of internal modes
(cog., rotation) of the complex ion as part of the initial capture step,
thus lengthening the time for autoionization and assuring stabilization
by dissociation,
It will be seen from Table I that, at a given tempera ture, there
appears to be a systematic increase in the recombination coefficients
with increasing number of water clusters on the HoO+ core,. As mentioned
in the Introduction, attempts to account for the sharp decrease in electron
density at the altitude in the D=region where hydronium series ions occur
have led to use of recombination coefficients well in excess of KT->
While it is at least conceivable that the very heavy clusters, n -* 10,
might have coefficients approaching these values, the suggestion that
these weakly bound clusters are present in the D=region, but have not
been detected, does not appear to us to be tenable,. Using the equili-
brium constants of Kebarle et al' -*', as low a temperature, l80°K, and
as high a concentration of water vapor, ~ 10° cm~3, as seem possible
for the 85 km level of the atmosphere, we find that the principal ion
should be 91+ if there is time for the concentrations of the various
ions to reach chemical equilibrium (ioe» recombination loss is neglected).
Since a(91+) = 6 x 10°° cm^ /sec, it appears that a recombination coef-
ficient ^  5 x 10"° cm^ /sec, rather than one exceeding 10 cnfi/sec, is
appropriate to the hydronium series ion layer of the D=region„
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Figure Captions
Fig. 1 Simplified block diagram of microwave afterglow/mass spectrometer
apparatus used in the recombination studies.
Fig. 2 (a) "Recombination plot" of electron density decay for Case (1)
conditions (see text).
(b) Comparison of electron density and ion wall current decays
under conditions where the ion 19+ dominates the ion composition.
Fig. 3 (a) "Recombination plot" for electron decay under effective
recombination coefficient conditions, Case (2).
(b) Comparison of electron density and ion wall current decays
under conditions where the ions 55+ and 37* decay in apparent
equilibrium (together with a small amount of the ion 73+)« The
dashed line through the 37 and 55 data are scaled values of
the electron density normalized to the curves at 5 msec.
Fig. k The effective recombination coefficient <xeff for different
[55+3/[37+] wall currents ratios (measured at h msec in the
afterglow). The dashed line is a fit of the data to eq. (12),
while the solid line includes a correction for the effect of
the ion 73+.
Fig. 5 "Recombination plot" of electron density decay at 205°K.
Inset: Relative concentrations of the ions 73* to 1^ 5+, which
decay together in apparent equilibrium.
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Fig. lo Simplified block diagram of microwave afterglow/mass
spectrometer apparatus used in the recombination studies.
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Fig. 2 (a) "Recombination plot" of electron density decay for
Case (1) conditions (see text).
(b) Comparison of electron density and ion wall current
decays under conditions where the ion 19+ dominates the ion composition.
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Figo 3 (a) "Recombination plot" for electron decay under effective recom-
bination coefficient conditions, Case (2).
(b) Comparison of electron density and ion vail current decays under
conditions where the ions 55 and 37* decay in apparent equilibrium
(together with a small^ amount of the ion 73*). The dashed line
through the 37 and 55 data are scaled values of the electron
density normalized to the curves at 5 msec.
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Fig. U The effective recombination coefficient creff for different
[SS^ D/CST*"] wall currents ratios (measured at k msec in the afterglow).
The dashed line is a fit of the data to eq. (12), while the solid line
includes a correction for the effect of the ion 73*.
100
o>\
o
E
u
«M*
*
4.
50
I I
' I
I I
T =205± IO°K
P(H20)S 8.6 xlO"4Torr
P(He) =39.1 Torr xlO~6cm3/s
X l O.-9
1
-
~
~
-
_*^
1 1 1 I I
s\/ v ~/ \/ \
' \/ 0/ \
^' \
s \
/ N -
1 1 1 X*---'l
I I I I I I
I60
u
§40
u
£ 20
° 73 91 109 127 145
mass number
i 1 i i i i I i i t i I
163
> 5 10 15 20
afterglow time (ms)
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